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(54) Method and apparatus for tailored distortion of a signal prior to amplification 



(57) In order to minimize the adverse effects of RF 
signal nonlinearities during amplification, especially the 
deleterious effects of signal clipping which may cause 
uncontrolled out-of-band emissions known as "spectral 
regrowth", the specification relates to a device and a 
method for intentionally distorting a radio frequency 
(RF) signal in a "tailored manner", prior to the amplifica- 
tion of the RF signal. The device monitors the amplitude 
of a RF signal at the inlet of a "tailored" distorter. A mod- 
ifying signal waveform is generated whenever the am- 
plitude of the monitored RF signal is greater than a 
threshold value. The RF signal is delayed to account for 
signal processing time associated with the generation 
of the modifying signal waveform. The generated mod- 



ifying signal waveform is then summed with the delayed 
RF signal, thereby forming an intentionally distorted ver- 
sion of the original RF signal. The distorted signal is con- 
veyed to a RF signal amplifier for amplification. The 
modifying waveform is chosen so as to reduce the am- 
plitude of the RF signal peak to a value that does not 
exceed the clipping threshold. Furthermore, the modify- 
ing waveform is chosen ("tailored") to be less harmful 
than the effects of the clipping distortion it replaces. The 
modifying waveform may be completely in-band, out-of- 
band, or have components of each, depending upon the 
specific implementation and the desired power spec- 
trum. The process is compatible with current predistor- 
tion techniques and may used in conjunction with, or in 
lieu, of signal predistortion. 
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Description 

Fi Id Of The Inv ntion 

[0001] This invention relates generally to signal am- 
plification and, in particular, to intentionally induced dis- 
tortion techniques utilized prior to and in conjunction 
with signal amplification. 

Background Of The Invention 

[0002] The function of a linear power amplifier is to 
amplify a signal with as little waveshape alteration as is 
practical. The ideal amplifier is therefore characterized 
as having a transfer function (input signal compared to 
output signal) which is completely linear with no transfer 
Junction discontinuities. Unfortunately, physical proc- 
esses are seldom ideal and signal amplifiers are no ex- 
ception. Amplifiers are specifically designed to operate 
as linearly as possible within their "linear region," but 
amplifier nonlinearities are a reality in any amplifier de- 
sign. Additionally, amplifiers which are "overdriven" de- 
liver a clipped output signal. An amplifier is overdriven, 
and therefore the output signal is clipped, when the input 
signal possesses peak amplitudes which cause the am- 
plifier to saturate (no appreciable increase in output am- 
plitude with an increase in input amplitude) or to shut- 
off (no appreciable decrease in output amplitude with a 
decrease in input amplitude) Generally, an amplifier is 
characterized as having a "clipping threshold " Input sig- 
nals having amplitudes beyond the clipping threshold 
are clipped at the amplifier output. 
[0003] One method of ameliorating the effects of non- 
linear amplifier performance within the amplifier "linear 
region" is to intentionally distort the preamplified RF sig- 
nal to anticipate and complement the recognized non- 
linear trait of the amplifier. The device which performs 
this function is known as a signal predistorter (hereinaf- 
ter referred to as a "predistorter"). Since the departure 
from linearity of an amplifier operating in its "linear re- 
gion" is known (as characterized by a deviation of its 
transfer function in the "linear region" from that of an ide- 
al amplifier's transfer function), a predistorter intention- 
ally distorts a preamplified signal by compensating for 
the known nonlinearity in a complementary fashion. 
Thus., when the intentionally distorted preamplified sig- 
nal is amplified, the nonlinearity of the amplifier causes 
the amplified version of the intentionally distorted signal 
to more closely resemble the waveshape of the original 
signal (the signal prior to amplification and predistor- 
tion). Predistortion is thus an effective method for com- 
pensating for amplifier nonlinearities within the "linear 
region" of an amplifier, and as such is frequently referred 
to as an amplifier linearization circuit. 
[0004] However, conventional amplifier linearization 
(predistortion) techniques do not compensate for the re- 
sultant adverse effects when the amplified signal non- 
linearity is the result of clipping. In a wireless RF trans- 



mitter, the presence of signal clipping at the power am- 
plification stage presents an especially onerous prob- 
lem. Specifically, clipping of a RF signal typically results 
in significant quantities of spectral regrowth (emission 

5 of RF signal energy outside the intended frequency 
band). In a wireless RF environment, where a high pri- 
ority is placed upon effective and efficient utilization of 
limited bandwidth, the production of spectral regrowth 
causes RF interference emissions outside of the intend- 

10 ed (or allocated) frequency band and therefore noise (in- 
terference) within unintended (nonallocated) frequency 
bands. The severity of these out-of-band emissions is 
proportional to the shortness and abruptness with which 
the clipping of the RF signal waveform occurs. 

is [0005] In the prior art, compensation for clipping with- 
in a power amplifier involved generating a compensat- 
ing window to apply to a RF signal and multiplying a pre- 
determined windowing function with the RF signal to be 
amplified. This method, disclosed in U.S. Patents Nos. 

20 5,287,387 and 5,638,403, is operable to reduces, but 
does not eliminate, spectral regrowth. Therefore, there 
exists a need for an improved method and device with 
which to further minimize the deleterious effects of clip- 
ping and other nonlinearities which occur during signal 

2S amplification. 

Summary Of The Invention 

[0006] Accordingly, the present invention is a device 

30 and a method for intentionally distorting a signal in a "tai- 
lored" manner, prior to the amplification of the signal, in 
order to prevent the deleterious effects of amplifier non- 
linearities when the signal is amplified. "Tailoring a sig- 
nal" involves altering the inherent waveshape of a signal 

35 in order to: (i) avoid unwanted output signal character- 
istics that may be induced during amplification, and/or 
(ii) induce desirable output signal characteristics during 
amplification. The manner and type of signal tailoring 
which is performed is dependent upon the specific am- 

40 plifier application. For example, the present invention is 
especially useful when used to ameliorate the effects of 
clipping distortion upon a radio frequency (RF) signal, 
but should not be construed as limited to such applica- 
tions. When utilized in conjunction with a RF system, 

45 and used to ameliorate the deleterious effects associat- 
ed with RF signal clipping during amplification., the 
present invention monitors the amplitude of a RF signal 
prior to amplification. A modifying signal waveform is 
generated whenever the amplitude of the monitored RF 

so signal is greater than a threshold value, chosen to cor- 
respond to the amplifier's clipping threshold. The RF sig- 
nal is delayed to account for signal processing time as- 
sociated with the generation of tho modifying signal 
waveform. The generated modifying signal waveform is 

55 then summed with the delayed RF signal, thereby form- 
ing a intentionally modified (distorted) version of the 
original RF signal which no longer exceeds the amplifier 
clipping threshold. The modified signal is then conveyed 
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toaftF signal amplifier for amplification. Since, amplifier 
clipping is prevented in this manner, the amplification 
process minimizes or prevents out-of-band emissions 
which would otherwise have occurred. The tailored dis- 
tortion process which comprises the present invention 
is compatible with known predistortion techniques and 
may used in conjunction with, or in lieu of conventional 
signal predistortion. 

[0007] The generation and use of a tailored distortion 
pulse in accordance with the present invention is advan- 
tageous since control over the power spectrum for the 
distorting pulse is maintained in a system which adds 
the tailored distortion pulse to the signal waveform to be 
modified. By doing so, the additive pulse is matched to 
the power spectrum of the signal waveform, thus reduc- 
ing or preventing out-of-band emissions. 
[0008] An alternative embodiment of the present in- 
vention tailors the intentional distortion in a pre-deter- 
mined manner so as to prevent clipping of the RF signal 
during the subsequent amplification process, but does 
so not to eliminate out-of-band emissions, but rather to 
control the degree and severity of such out-of-band 
emissions and to predetermine the spectral composition 
of the emissions. This scheme is utilized in those various 
amplifier applications in which it is acceptable to emit 
power in specified bands outside the signal bandwidth. 
For example, a cellular base station may transmit in cel- 
lular channels not currently utilized, or in channels that 
are utilized by another base station that is sufficiently 
distant so as not to be adversely affected by the inter- 
ference caused by out-of-band emissions. 

Brief Description Of The Drawings 

[0009] A more complete understanding of the present 
invention may be obtained from consideration of the fol- 
lowing description in conjunction with the drawings in 
which: 

FIG. 1 is a simplified block diagram illustrating a sig- 
nal amplifier without a predistorter and without a tai- 
lored distorter, incorporated within a wireless RF 
transmission system; 

FIG. 2 is a simplified block diagram illustrating a sig- 
nal amplifier with a predistorter, but without a tai- 
lored distorter, incorporated within a wireless RF 
transmission system; 

FIG. 3 is a graph illustrating a comparison between 
the transfer functions of an ideal amplifier, a RF sig- 
nal amplifier, and a predistorter; 

FIG. 4a is a graph illustrating RF signal waveforms 
associated with an amplification system without an 
incorporated tailored distorter, and a comparison 
with the waveforms associated with an amplification 
system incorporating an exemplary embodiment of 



a tailored distorter with power spectrum placement 
within the RF signal waveform band, in accordance 
with the present invention; 

s FIG. 4b is a graph illustrating RF signal waveforms 

associated with an amplification system without an 
incorporated tailored distorter, and a comparison 
with the waveforms associated with an amplification 
system incorporating an exemplary embodiment of 

io a tailored distorter with power spectrum placement 
outside of the RF signal waveform band, in accord- 
ance with the present invention; 

FIG. 4c illustrates an exemplary out-of-band spec- 
15 trum generated by the tailored distortion waveform 
of FIG. 4b, in accordance with the present invention; 

FIG. 5a is a block diagram representation of an ex- 
emplary embodiment of a tailored distorter, in ac- 
20 cordance with the present invention, 

FIG. 5b is a block diagram representation of a pulse 
generator as incorporated within the tailored distort- 
er of FIG. 5a, and in accordance with the present 
25 invention; 

FIG. 6 is a flow chart of the process steps of an ex- 
emplary embodiment of a tailored distorter, in ac- 
cordance with the present invention; 

30 

FIG . 7 is a block diagram of exemplary embodiment 
of a wireless RF transmission system incorporating 
a tailored distorter in accordance with the present 
invention and without a predistorter; 

35 

FIG. 8 is a block diagram of exemplary embodiment 
of a wireless RF transmission system incorporating 
a tailored distorter in accordance with the present 
invention and a predistorter, the predistorter subse- 
40 quent to the tailored distorter in the signal process- 
ing path; and 

FIG. 9 is a block diagram of exemplary embodiment 
of a wireless RF transmission system incorporating 
45 a tailored distorter in accordance with the present 
invention and a predistorter, the predistorter pre- 
ceding the tailored distorter in the signal processing 
path. 

50 Detailed Description 

[0010] Although the present invention is particularly 
well suited for use within a wireless communication sys- 
tem, and is so described with respect to this application, 
55 it is also applicable for use in conjunction with any signal 
amplifier, including audio amplifiers and RF amplifiers. 
The present invention is also compatible with existing 
amplifier linearization techniques (such as predistortion) 
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and may be used in conjunction with, or in lieu of, such 
amplifier linearization techniques, as would be apparent 
to those skilled in the art. When utilized within a wireless 
communication system, the present invention is com- 
patible with all forms of multiple access, including but 
not limited to, Code Division Multiple Access (CDMA), 
Frequency Division Multiple Access (FDMA), and Time 
Division Multiple Access (TDMA). Analysis of the 
present invention described herein is performed in a 
context in which the deleterious effects of RF signal clip- 
ping are circumvented through the use of the present 
invention. However, alternative embodiments in which 
the avoidance of other amplifier nonlinearities are a par- 
amount concern are also contemplated, as would be ap- 
parent to those skilled in the art. 
[0011] FIG. 1 is a simplified block diagram illustrating 
a signal amplifier without a predistorter and without a 
tailored distorter, incorporated within a wireless RF 
transmission system. Shown is a power amplifier 110 
wilh an outlel port coupled lo an anlenna 120 operable 
to transmit a RF signal thereover. A RF signal source 
130 is coupled to an inlet port of the power amplifier 110, 
thereby providing the power amplifier with the RF signal 
to be amplified. The signal waveform at node 1 40 at time 
(0 may be expressed as s[r]. For an ideal power amplifier 
having a gain (G), the power amplifier output is G(s[f]). 
However, due to inherent amplifier nonlinearities, per- 
fect amplified reproduction is not feasible and the power 
amplifier output available at node 1 50 can be expressed 
as 

G<s[fl + <M<I>. 

where d^[{\ is a distortion term, which when multiplied 
by gain, G, represents the deviation in an actual power 
amplifier output amplitude from that of an ideal amplifier 
(operating within their respective "linear" regions), as a 
function of time. 

[0012] FIG. 2 is a simplified block diagram illustrating 
a signal amplifier utilizing a signal predistorter, but with- 
out the tailored distorter of the present invention, incor- 
porated within a wireless RF transmission system. 
Shown is a power amplifier 210 with an outlet port cou- 
pled to an antenna 220 operable to transmit a RF signal 
thereover. A RF signal source 230 is coupled to the inlet 
of a predistorter 240. Predistortion is provided to inten- 
tionally distort a preamplified signal, thereby compen- 
sating for known nonlinearities in the "linear region" of 
the transfer function of a specific amplifier. The predis- 
torter outlet is coupled to an inlet port of the power am- 
plifier 210, thereby providing the power amplifier with the 
RF signal to be amplified. Signal amplitude at node 250 
at time (f) may be expressed as s[t]. The signal wave- 
form at node 260 at time (0 is therefore expressed as 

(su + pyr]), 



where d 2 [f\ is that quantity of signal waveform distortion 
intentionally introduced within the predistorter 240 so as 
to counterbalance the inherent deviation from an ideal- 
ized amplified waveform at the power amplifier output. 
s For a power amplifier 210, providing a predistorted am- 
plifier inlet signal of {sf f\ + d 2 [(\}, will result in an amplified 
RF signal at node 270 of: 

w G(s[t] + d 2 [t] + d 2 lt))=G(slt}), 

wherein the magnitude of predistorted component d 2 [f\ 
is produced to approximate the magnitude of d 2 [t], albeit 
with opposite sign, thus effectively canceling distortion 

is created in the power amplifier (due to nonlinearities in 
the "linear region"). Therefore a power amplifier utilizing 
a linearization predistorter effectively produces an am- 
plified RF signal at node 270 of G(s[f]). 
[0013] FIG. 3 is a graph illustrating a comparison be- 

20 iween the transfer functions of an ideal amplifier, a RF 
signal amplifier, and a predistorter. Component input 
voltage (V jn ) is plotted along the horizontal axis 310, 
while component output voltage (V out ) is plotted along 
the vertical axis 320. For the ideal amplifier transfer 

25 function 330 and the RF signal amplifier transfer func- 
tion 340, V ou /V jn represents the gain across the ampli- 
fier. The predistorter transfer function 350 represents 
V ou /V in for the predistorter, thus the magnitude of the 
vertical scale is reduced by a factor approximately equal 

30 to the amplifier gain (G) when compared to the vertical 
scale magnitudes associated with the amplifier transfer 
functions 330,340. Although the transfer functions of 
FIG. 3 are represented in terms of component inlet and 
outlet voltages, other parameters may be used fortrans- 

35 fer function definition (such as current) as would best 
apply to certain amplifier configurations and as would 
be apparent to those skilled in the art. 
[0014] For the ideal amplifier, the transferfunction 330 
begins at the graph's origin 360 with an exactly linear 

40 relationship between V jn and V out until the saturation 
point 370 is reached. The saturation point 370 is the 
point along the transfer function at which an increase in 
the value of V in no longer results in a corresponding in- 
crease in the value of V out That portion of the ideal am- 

45 piifjer transfer function 330 between the origin 360 and 
the saturation point 370 is the linear region. The ideal 
amplifier is therefore a completely linear amplifier for 
values of V in corresponding to points ranging between 
the origin 360 and the saturation point 370. values of 

50 V^outside of this range result in clipping of the amplified 
signal. For an ideal amplifier having a gain (G) and op- 
erating completely within the linear region, an inlet sig- 
nal of V in =s[t] results in an outlet signal value of V OU f=G 
(sit}). 

55 [0015] Transfer function 340 represents the relation- 
ship between V in and V out ior an actual RF signal am- 
plifier. The actual RF signal amplifier also possesses a 
"linear region." within which nearly linear amplification 
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of a 'RF signal is possible. However, some degree of 
nonlinearity is always produced, even when amplifica- 
tion is confined within the 'linear region" of the transfer 
function 340. Values of V in outside this "linear region" 
are typically avoided for linear amplifier operation since s 
these values may result in gross output signal nonline- 
arities and ultimately in the clipping of the amplified sig- 
nal. Therefore, for an actual RF signal amplifier having 
an average gain (G) and operating completely within the 
"linear region," an inlet signal of V jn =s[t] results in an 
outlet signal value of 

V out =G{s[t] + d[t}). 

where d[t\ is a distortion term, which when multiplied by 
gain, G, represents the deviation in the actual RF signal 
amplifier output amplitude from the output of an ideal 
linear amplifier, G(s[f]). 

[0016] Transfer (unction 350 represents the relation- 
ship between V jn and V out for a predistorter. As previ- 
ously described, a predistoner intentionally distorts a 
signal, ( V in -s{t]) prior to amplification, in order to com- 
pensate for the known nonlinearities in the "linear re- 
gion" of the transfer function of the actual RF signal am- 
plifier. Therefore, the output of the predistorter is ap- 
proximately equal to the algebraic sum of the inlet signal 
value (sff]) and an intentional error term (d[r]) which an- 
ticipates and cancels the RF signal amplifier distortion 
term {d[t]). Under optimal conditions, a predistorter (am- 
plifier linearization circuit) will have the effect of correct- 
ing the nonlinearities of an actual RF amplifier within the 
"linear" region, as illustrated by actual amplifier transfer 
function 340, to yield a combined transfer function (en- 
compassing the predistorter and amplifier circuits) close 
to the ideal transfer functbn 370. A predistorter does 
not, however, compensate for clipping distortion that oc- 
curs when the signal input exceeds the amplifier satu- 
ration threshold 380. The present invention anticipates 
such clipping distortion and sums a predetermined com- 
pensation signal with the signal to be amplified (prior to 
amplification) to prevent the deleterious effects of am- 
plifier clipping. 

[0017] FIG. 4a is a graph comparing the RF signal 
waveforms of an amplification system incorporating an 
exemplary embodiment of the tailored distorter which 
comprises the present invention with the RF signal 
waveforms of an amplification system without a tailored 
distorter. The graph is presented prior to describing ex- 
emplary embodiments of the present invention (in ac- 
cordance with FIGS. 5a, 5b, and 6) so as to illuminate 
the purpose and function for implementing the present 
invention and additionally to illustrate the effect that the 
present invention imposes upon RF signal waveforms 
and differentiate that effect from the effect if a prior art 
predistorter. Each waveform graph displays time on the 
horizontal axis and relative signal amplitude along the 
vertical axis. 



[001 8] In a RF amplification scheme not incorporating 
the tailored distortion of the present invention, waveform 
410 depicts an illustrative signal amplitude versus time 
for a RF signal at the inlet port of a RF power amplifier. 
A clipping threshold value 415 is shown. The clipping 
threshold value 41 5 represents that value of the RF sig- 
nal waveform 41 0 present at the inlet port of the RF pow- 
er amplifier above which clipping distortion at the outlet 
port of the RF power amplifier occurs. When the value 
of the RF signal waveform 410 is less than or equal to 
the clipping threshold value 415, clipping will not occur 
at the RF power amplifier. For the instant illustrative RF 
signal waveform 410, signal amplitude is less than the 
clipping threshold value 415 until time f,, at which time 
clipping of the RF power amplifier outlet signal begins. 
Clipping of the RF power amplifier outlet signal contin- 
ues until time tg, at which time the amplitude of the RF 
signal 410 returns to and remains below the clipping 
threshold value 415. That portion of the RF signal wave- 
form 410 present at the inlet to the RF power amplifier 
which results in subsequent clipping (during time period 
*i to f 2 ), is shown as the distortion-causing waveform 
420. The amplitude of the distortion-causing waveform 
420 is equal in magnitude to the difference between the 
peak value of the RF signal waveform 41 0 and the clip- 
ping threshold value 415. The distorted output wave- 
form can therefore be expressed as the sum of the de- 
sired output waveform 41 0 and the unwanted distortion- 
causing waveform 420. 

[0019] The clipping which occurs during time period 
to t 2 results in an abrupt and severe deviation in the 
RF signal waveshape at the power amplifier outlet (char- 
acterized by a nearly instantaneous change in slope). 
RF signal clipping results in significant quantities of 
spectral regrowth (emission of RF signal energy outside 
of the intended frequency band). The severity of the out- 
of-band emissions is proportional to the abruptness and 
severity with which the RF signal waveform 410 is 
clipped, and can be calculated by computing the power 
spectrum of the unwanted additive distort ion -causing 
waveform 420. It will be apparent to those skilled in the 
art that such a spectrum contains a significant quantity 
of energy outside of the bandwidth of waveform 410, 
even if waveform 410 has been filtered through narrow- 
band filters to restrict the production of out-of-band com- 
ponents. 

[0020] The present invention utilizes a tailored distort- 
er to selectively distort the RF signal waveform in order 
to minimize the deleterious effects caused by uncon- 
trolled distortion (such as clipping). For example, in ac- 
cordance with the instant exemplary embodiment as il- 
lustrated in FIG. 4, there is shown a tailored distortion 
signal 430 and a modified RF signal waveform 440. The 
present invention sums the tailored distortion signal 430 
with the RF signal waveform 410, resulting in the mod- 
ified RF signal waveform 440. When the tailored distort- 
er is utilized to minimize the deleterious effects of clip- 
ping, the magnitude of the tailored distortion signal 430 
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is typically equal to or greater than the magnitude of the 
distortion causing- waveform 420 (from t = t A through t = 
t 2 ). The shape of the generated tailored distortion signal 
430 is chosen to have a power spectrum with more clip- 
ping-tolerable characteristics than the power spectrum 
of distort ion -causing waveform 420. In the instant ex- 
emplary embodiment, the tailored distortion signal 430 
is chosen such that it has no spectral components out- 
side the band occupied by RF signal waveform 410. 
Note that the resulting modified RF signal waveform 440 
remains below the clipping threshold value 450 (the 
same clipping threshold value shown in conjunction with 
the RF signal waveform 41 0) at all times. Therefore, with 
the modified RF signal waveform 440 as input to the RF 
power amplifier, clipping during amplification does not 
occur, and as a result, no spectral re-growth is generat- 
ed during amplification. 

[0021] The instant exemplary embodiment of the 
present invention is illustrated as utilizing a dampened 
oscillatory waveshape as the tailored distortion signal 
430. The dampened oscillatory waveshape 430 is cho- 
sen to advantageously have a band-limited power spec- 
trum, as is well known in the art. For example, an oscil- 
latory waveform represented by the signal 



has a bandwidth equal to oVn centered around the fre- 
quency o>o/2tc and a peak amplitude of unity A similar 
mathematical expression is used to generate the exem- 
plary dampened oscillatory waveform 430. While gen- 
erated waveshape 430 is not time-limited, various meth- 
ods needed to produce an equivalent time-limited wave- 
shape, a waveshape which possesses a power spec- 
trum substantially bandlimited within the bandwidth of 
(o/7c, are well known to those skilled in the art (for exam- 
ple, by truncating the leading and trailing portions of 
waveshape 430). 

[0022] The exemplary tailored distortion waveform 
430 has been chosen to eliminate amplifier generated 
spectral regrowth by allocating all generated spectral 
components within the band occupied by RF signal 
waveform 410. However, in various amplifier applica- 
tions it is acceptable to emit power in specified bands 
outside the signal bandwidth. For example, a cellular 
base station may transmit in cellular channels not cur- 
rently utilized, or in channels that are utilized by another 
base station that is sufficiently distant so as not to be 
adversely affected by the interference caused by out-of- 
band emissions. 

[0023] FIG. 4b is a graph comparing the RF signal 
waveforms of an amplification system incorporating an 
exemplary embodiment of the tailored distorter which 
comprises the present invention with the RF signal 
waveforms of an amplification system without a tailored 
distorter. However, whereas the tailored distortion 
waveform 430 of FIG. 4a is utilized so as to generate no 



out-of-band spectral emissions, the tailored distortion 
waveform 455 of FIG. 4b is shaped to selectively place 
a portion of the power spectrum of an amplified signal 
outside the signal bandwidth. FIG. 4c illustrates an ex- 
s emplary out-of-band spectrum generated by the tailored 
distortion waveform 455 of FIG. 4b. Note that the gen- 
erated power spectrum is confined to a lower band 480 
and an upper band 485 symmetrically spaced around 
signal center frequency, f 0 475, and occurring complete- 
ly outside the originating RF signal waveform bandwidth 
470. 

[0024] Additionally, yet other embodiments of the 
present invention are contemplated which generate tai- 
lored distortion waveforms which generate power spec- 
tra both within and outside of the RF signal waveform 
410 bandwidth. The choice of which tailored distortion 
waveform pulse to use may be fixed or variable. For ex- 
ample, the choice of tailored distortion waveform in yet 
another embodiment of the present invention is deter- 
mined in response to the monitoring of a utilization pal- 
tern of frequency-adjacent radio channels. Further, in 
the instant illustrated embodiment of FIGs. 4(a-b), the 
tailored distortion waveform is selected to minimize the 
deleterious effects of signal clipping, however, tailored 
distortion may also be utilized to minimize the deleteri- 
ous effects of other nonlinearities and discontinuities as- 
sociated with amplification of a signal, as would be ap- 
parent to those skilled in the art. The present invention 
is also equally applicable whether applied over the mod- 
ulating envelope of a RF signal waveform in which a plu- 
rality of consecutive amplitude peaks of the RF signal 
are clipped, or whether applied separately to each indi- 
vidual amplitude peak of the RF signal itself. It therefore 
would be apparent to those skilled in the art that tech- 
niques described herein for manipulating the power 
spectrum of a tailored distortion pulse can also be ap- 
plied to produce a tailored distortion waveform with spe- 
cific desirable characteristics other than a pro-deter- 
mined power spectrum. 

[0025] FIG. 5a is a block diagram representation of 
an exemplary embodiment of a RF signal tailored dis- 
torter 510, in accordance with the present invention. 
When incorporated within a wireless communication 
system, the tailored distorter 510 is operable to receive 
a RF signal at a distorter inlet 520. The distorter outlet 
530 is coupled to a RF power amplifier 540. The RF pow- 
er amplifier 540 is coupled to an antenna 550 for RF 
signal transmission thereover. The distorter inlet 520 is 
coupled to the inlet of a delay unit 512, the delay unit 
512 outlet is coupled to one input of a summing device 
518, and the summing device 518 outlet comprises the 
distorter outlet 530. Clipping detector 514 is coupled so 
as to sense the RF signal peak amplitude at the distorter 
inlet. The clipping detector provides signal amplitude 
and peak timing data to the pulse generator 516. The 
pulse generator 516 outlet is coupled to a second input 
of the summing device 518. 

[0026] Operation of the exemplary embodiment of the 
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tailored distorter i lustr^oo m F iG 5h nnd n accordance 
with the present invention noxt pmsnniori herein. The 
amplitude of a RF sicna bemq processed by the tailored 
distorter 510 is monitored n\ no dis'.orter :n!et 520 by a 
clipping deicctor 514 It the amplitude of the monitored 
RF signal is dclcmined to exceed a clipping threshold 
value, the chpoing detector 514 conveys values corre- 
sponding to the monitored RF signal's peak amplitude 
and time of occurrence to the pulse generator 516. The 
clipping thresholc value is chosen as that monitored sig- 
nal amplitude (amplitude of RF signal prior to the ampli- 
fication process) at which amplifier clipping would begin 
to occur it the monitored signal were conveyed to the 
RF signal amplifier unchanged The clipping threshold 
value is easily determined for each amplifier configura- 
tion based upon tne amalit cr transfer function. Monitor- 
ing signal amplitude and developing a corresponding or 
proportional output based upon that signal amplitude is 
a technique well known in the art For example, in one 
exemplary embodiment a simple analog clipping detec- 
toi is pioduced by coupling the monitoied RF signal am- 
plitude to the input of a reverse biased proportional am- 
plifier. The amplifier is biased so that when the RF signal 
amplitude reaches a value corresponding to the clipping 
threshold value, the amplifier begins to produce an out- 
put. The greater the RF signal amplitude above the clip- 
ping threshold value the greater the corresponding out- 
put. In a second exemplary embodiment, a digital clip- 
ping detector periodically samples the amplitude of the 
RF signal, classifies the amplitude value as belonging 
to a specific value group, and produces an output value 
corresponding to the specific value group. Those skilled 
in the art of circuit design would realize that there are 
numerous alternative embodiments for the design of a 
clipping detector 514. 

[0027] The pulse generator 516 accepts the output 
from the clipping detector 51 4 and produces a pulse out- 
put whenever the clipping threshold value is exceeded, 
which when summed with the original RF signal de- 
creases the RF signal amplitude so that the modified RF 
signal is not clipped when it is amplified. Although the 
modified RF signal is Distorted, both prior to and after 
amplification at the RF power amplifier 540, the distor- 
tion is tailored to minimize the severity of spectral re- 
growth due to clipping The modified RF signal is creat- 
ed by summing the pulse generator 516 output signal 
waveform with the original RF signal at the summing de- 
vice 518. The lime delay unit 512 is utilized to tempo- 
rarily impede the original RF signal prior to summation 
with the pulse generator 516 output signal. The time de- 
lay is utilized to provide synchronous summation of the 
pulse generator 516 output signal with the correspond- 
ing portion of the original input waveform (that portion 
of the input waveform which provided the impetus for 
the formation of a pulse generator 516 output signal). 
Synchronization is maintained by setting the corre- 
sponding value of time delay associated with time delay 
unit 512 equal to the combined signal processing time 



associated with the clipping detector 514 and pulse gen- 
erator 516. 

[0028] FIG. 5b is a block diagram representation of 
an exemplary embodiment of a pulse generator 516 as 

5 incorporated within the RF signal tailored distorter 510 
of FIG. 5a, and in accordance with the present invention. 
The clipping detector 514 measures the time of occur- 
rence of a RF signal waveform 410 which exceeds a 
threshold value 41 5 and concurrently quantifies the "ex- 

10 cess amplitude" of the peak of RF signal waveform. The 
excess amplitude is the value of signal amplitude by 
which the RF signal waveform 410 exceeds the thresh- 
old value 41 5. The values for excess amplitude and oc- 
currence timing are provided to a pulse parameter con- 

is troller 560 which selects a pulse waveshape having the 
desired characteristics (e.g. - band-limited spectrum) 
1rom a pulse waveform fook-up table 565. The desired 
characteristics, and hence the pulse waveshape select- 
ed, may alternatively be comprised of pulses having 

20 power spectra inside the signal bandwidth, outside the 
signal bandwidth, or an intermediate pulse (having a 
power spectra partially within signal bandwidth and par- 
tially outside of signal bandwidth), as previously de- 
scribed. One embodiment of the present invention 

25 stores the pulse waveform look-up table 565 within 
Read-Only Memory (ROM), although various other 
means for storage are also contemplated and would be 
apparent to those skilled in the art, including but not lim- 
ited to RAM, magnetic or optical storage devices, PROM 

30 or EPROM, fixed component memory, or any other 
memory devices deemed appropriate for a given appli- 
cation. The selected pulse waveshape is conveyed to 
an adjustable delay circuit 570 prior to adjusting the am- 
plitude of the waveshape with a variable gain circuit 575. 

35 The adjustable delay circuit 570 and variable gain circuit 
575 are each controlled by the pulse parameter control- 
ler 560 to produce a tailored distortion pulse 420 with 
both the desired timing and amplitude (as determined 
and conveyed by the clipping detector 514). It is also 

40 contemplated, but not specified in conjunction with the 
detailed description of the present invention, that vari- 
ous alternative embodiments for designing and produc- 
ing a pulse generator operable to perform the functions 
specified herein would be apparent to those skilled in 

45 the art. 

[0029] As previously described, in the instant illustrat- 
ed embodiment, the tailored distortion is selected to 
minimize the deleterious effects of signal clipping, how- 
ever, tailored distortion may also be utilized to minimize 

so the deleterious effects of other nonlinearities and dis- 
continuities associated with amplification of a RF signal, 
as would be apparent to those skilled in the art. The 
present invention is also equally applicable whether ap- 
plied over the modulating envelope of a RF signal wave- 

ss form in which a plurality of consecutive amplitude peaks 
of the RF signal are clipped, or whether applied sepa- 
rately to each individual amplitude peak of the RF signal 
itself. While exemplary embodiments illustrated thus far 
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are applicable to RF signals amplified by RF amplifiers, 
it would be apparent to those skilled in the art to apply 
the same techniques to various other amplifiers. For ex- 
ample, clipping distortion is a critical impairment in audio 
amplifiers. Consequently, high fidelity audio systems uti- 
lize audio power amplifiers rated for a peak output power 
significantly greater than the average power output. The 
present invention is applicable to audio systems in an 
embodiment in which the tailored distorter 510 further 
includes a spectral analyzer to analyze the instantane- 
ous power spectrum of the audio signal prior to power 
amplification and convey that information to the pulse 
generator 516. Based upon the information provided, 
the pulse generator 516 produces a tailored distortion 
pulse having a power spectrum matching that of the au- 
dio signal (prior toamplitication). but modifying the audio 
signal so that peak signal amplitudes are reduced and 
consequently not clipped by the power amplifier. Thus, 
the input signal to the power amplifier (which is subject- 
ed lo tailored distortion) will produce a signal out of the 
power amplifier which is not clipped. This tailored dis- 
torted output signal, when converted to an acoustic au- 
dio signal, is more difficult for the human ear to discern 
as being distorted than the clipping distortion it replaces, 
because its spectral components arc matched to those 
of the original signal. Thus, an audio system utilizing the 
present invention can use an audio power amplifier hav- 
ing a reduced peak power rating when compared to the 
necessary power rating of an audio amplifier incorporat- 
ed within an audio system without tailored distortion 
[0030] It will also be apparent to those skilled in the 
art that the present invention is applicable to any system 
in which the occurrence of clipping would be a critical 
impairment. For example, when digitizing an analog 
waveform, an incorporated Analog-to-Digital Converter 
(ADC) frequently exhibits a finite range of acceptable 
input levels. Signals exceeding such a range are 
clipped. The present invention may be embodied into 
an algorithm which operates on the digitized waveform 
and replaces such clipping events with tailored distor- 
tion pulses. Operation on the clipped waveform (instead 
of operation on the waveform prior to clipping, as illus- 
trated in FIG. 5a) is practicable since the shape of the 
distortion-causing waveform 420 is highly predictable as 
it displays little statistical variation (in terms of periodicity 
or amplitude). Therefore, in yet another embodiment of 
a tailored distortion scheme, distorter operation on a 
clipped waveform first reconstructs the shape of the dis- 
tortion-causing pulse 420 associated with a clipping 
event and then computes an appropriate tailored distor- 
tion pulse to sum with the distortion-causing pulse to ob- 
tain a waveform which does not exceed the clipping 
threshold. Alternatively, the present invention may be 
utilized configured as the embodiment illustrated in FIG. 
5a (for RF amplifiers) even in the instance when an ADC 
is used in place of an amplifier. 

[0031] FIG. 6 is a flow chart of the process steps of 
an exemplary embodiment of a tailored distorter, in ac- 



cordance with the present invention. In accordance with 
step 610, the tailored distorter is operable to accept a 
RF signal. The amplitude of the RF signal waveform is 
evaluated (sampled or monitored), by a clipping detec- 
s tion means, to determine whether signal peak ampli- 
tudes exceed the clipping threshold value, in accord- 
ance with step 620. The clipping detection means also 
determines the duration of time over which the signal 
amplitude exceeds the clipping threshold value and the 
10 amount by which the threshold is exceeded. A RF signal 
delay means is provided, in accordance with step 630, 
to delay the RF signal by an amount of time necessary 
to provide summing synchronization between the RF 
signal waveform and a later applied modifying wave- 
is form. 

[0032] A comparator means is provided in accord- 
ance with step 640. The comparator means compares 
the value of the RF signal amplitude toa clipping thresh- 
old value. If the RF signal amplitude is less than the clip- 

20 ping threshold value, then the RF signal (with no inten- 
tionally applied modifying distortion) is amplified and 
transmitted, in accordance with step 670. However, if 
the RF signal amplitude exceeds the clipping threshold 
value, then in accordance with step 650, a modifying 

25 waveform is generated by a tailored distortion generat- 
ing means. The amplitude of the modifying waveform 
generated by the tailored distortion generating means 
is determined as a function of the magnitude with which 
the RF signal amplitude exceeds the clipping threshold 

30 value. The RF signal waveform and the modifying wave- 
form are summed to form a modified RF signal wave- 
form, in accordance with step 660. Since the RF signal 
was previously subjected to a RF signal delay means 
for the purpose of summing synchronization, the RF sig- 

35 nal waveform and the modifying distortion wavelorm are 
perfectly "aligned. " That is, the instantaneous value of 
the RF signal waveform amplitude engendering the pro- 
duction of a corresponding instantaneous value of the 
modifying distortion waveform are summed, thereby se- 

40 lectively distorting the RF signal waveform whenever 
the original signal waveform exceeds the clipping 
threshold value. The modified RF signal waveform, 
when amplified by a RF power amplifier in accordance 
with step 670, will not experience clipping distortion. 

45 [0033] FIGS. 7, 8, and 9 are block diagrams of exem- 
plary embodiments of wireless RF transmission sys- 
tems, each incorporating a tailored distorter 50 in ac- 
cordance with the present invention. In accordance with 
FIG. 7, a RF signal source 10 is coupled to the inlet of 

so a tailored distorter 20. The outlet of the tailored distorter 
is coupled to the inlet of a RF power amplifier 30. The 
outlet of the RF power amplifier 30 is coupled to an an- 
tenna 40 for transmission thereover. FIG. 8 is a diagram 
of an exemplary embodiment in which the wireless sys- 

55 tern further comprises a predistorter 50. The predistorter 
50 is utilized in conjunction with the tailored distorter 20, 
and is coupled and interposed between the tailored dis- 
torter 20 and the RF power amplifier 30. FIG. 9 is also 



BNSDOCID: <EP 094091 1A1_I_> 



8 



EP 0 940 911 A1 



16 



15 

a diagram of an exemplary embodiment comprising a 
predistorter 50 used in conjunction with the tailored dis- 
torter 20. However, in the embodiment illustrated in FIG. 
9, the predistorter 50 is coupled and interposed between 
the RF signal source 10 and the tailored distorter 20. 5 
Therefore, embodiments of the present invention, each 
of which include a tailored distorter 20, are operable re- 
gardless of whether predistortion is utilized in conjunc- 
tion with tailored distortion, and regardless of the rela- 
tive sequential priority between predistortion and tai- 
lored distortion. 

[0034] Numerous modifications and alternative em- 
bodiments of the invention will be apparent to those 
skilled in the art in view of the foregoing description. Ac- 
cordingly, this description is to be construed as illustra- 
tive only and is for the purpose ol teaching those skilled 
in the an the best mode ol carrying out the invention and 
is not intended to illustrate all possible forms thereof. It 
is also understood that the words used are words of de- 
scription, ralher than limitation, and thai details of Ihe 
structure may be varied substantially without departing 
from the spirit of the invention and the exclusive use of 
all modifications which come within the scope of the ap- 
pended claim is reserved. 



Claims 

1 . A method for processing and shaping a signal prior 

to amplification by an amplifier, for example in a 30 
wireless communication system, said method com- 
prising the steps of: 

monitoring said signal and detecting when an 
amplitude of said signal exceeds a threshold 35 
value; 

generating a modifying waveform when said 
amplitude of said signal exceeds said threshold 
value; 

delaying said signal; and 40 
summing said modifying waveform and said 
delayed signal to form a modified signal, said 
modified signal representing a tailored distor- 
tion of said signal. 

45 

2. In a wireless radio frequency (RF) communication 
system, an apparatus for applying tailored distortion 
to shape a radio frequency (RF) signal prior to am- 
plification by a RF power amplifier, said apparatus 
utilized to prevent clipping during amplification, said so 
apparatus comprising: 



when said amplitude of said RF signal exceeds 
said threshold value; 

means for delaying said RF signal to produce 

a delayed RF signal; and 

means tor summing said modifying waveform 

and said delayed RF signal to form a modified 

RF signal, said modified RF signal having a 

modified RF signal peak value which is less 

than said threshold value, 

wherein said step of delaying said RF signal 

provides summing synchronization between 

said modifying waveform and said delayed RF 

signal. 

3. An apparatus for processing and shaping a signal 
prior to amplification by an amplifier, said apparatus 
comprising: 

a time delay unit having a delay unit first end 
and a delay unil second end; 
a waveform monitor having a first monitor end 
and a second monitor end, said first monitor 
end coupled to monitor a signal amplitude at 
said delay unit first end, said waveform monitor 
producing a monitor output signal at said sec- 
ond monitor end when said signal amplitude ex- 
ceeds a threshold value; 
a pulse generator having a first pulse generator 
end and a second pulse generator end, said 
first pulse generator end coupled to said sec- 
ond monitor end, said pulse generator produc- 
ing a modifying waveform when said monitor 
output signal is available at said first pulse gen- 
erator end; 

a summing device having a summing device 
outlet end, a summing device first inlet, and a 
summing device second inlet, said second 
pulse generator end coupled with said sum- 
ming device first inlet, said delay unit second 
end coupled with said summing device second 
inlet, said summing device operable to sum 
said signal with said modifying waveform to 
produce a modified signal waveform at said 
summing device outlet end. 

4. In a wireless radio frequency (RF) communication 
system, a method for applying tailored distortion to 
shape a radio frequency (RF) signal prior to ampli- 
fication by a RF power amplifier, said method uti- 
lized to control and minimize out-of-band emissions 
due to signal clipping during said amplification, said 
method comprising the steps of: 

monitoring said RF signal and detecting when 
an amplitude of said RF signal exceeds a 
threshold value; 

generating a modifying waveform when said 
amplitude of said RF signal exceeds said 



means for comparing an amplitude of said RF 
signal with a threshold value, said means for 
comparing operable to generate a comparator ss 
output signal if said amplitude of said RF signal 
exceeds said threshold value: 
means for generating a modifying waveform 
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threshold value 
defying snid RF Mon*l and 
summing said modifying waveform and said 
deinycd RF signal to torm a modified RF signal. 
sa«d moaitied RF signal representing a tailored 
distortion ot said RF signal, said modified RF 
signa' having a modified RF signal peak value 
which will not cause signal clipping it applied at 
an amplifying input of said RF power amplifier, 
wherein said step of delaying said RF signal 
provides a summtng synchronization between 
said modifyng waveform and said delayed RF 
signal 



10 



5. The method in accordance with claim 1 wherein 
said tailored distortion ol said signal prevents clip- 
ping of said modified signal while being amplified 
by said amplifier 



15 



The method in accordance with claim 5 wherein 
said modifying wavefoirn is either comprised of 
spectral components within the bandwidth of said 
signal, or comprised of spectral components out- 
side of the bandwidth of said signal, or is a damp- 
ened oscillatory waveform, or is applied over a mod- 
ulating envelope in which a plurality of consecutive 
amplitude peaks of said signal exceed said thresh- 
old value, or is generated and applied separately 
for each individual amplitude peak of said signal. 

The method in accordance with claim 1, further 
comprising the step of predistorting said signal. 



20 



25 



30 



9. 



The apparatus in accordance with claim 2, or the 
method of claim 4, wherein said wireless RF com- 35 
munication system is either a Time Division Multiple 
Access (TDMA) based communication system, or 
a Frequency Division Multiple Access (FDMA) 
based communication system, or a Code Division 
Multiple Access (CDMA) based communication 40 
system. 

The apparatus in accordance with claim 2 or 3, 
wherein said modified RF signal is further subjected 
to predistomon. said modifying waveform is a 45 
dampened oscillatory waveform, or said modified 
signal waveform is created to prevent clipping when 
applied to said amplifier. 



10. The apparatus in accordance with claim 9 wherein 
said modifying waveform is either applied over a 
modulating envelope in which a plurality of consec- 
utive amplitude peaks of said signal exceed said 
threshold value, or is generated and applied sepa- 
rately for each individual amplitude peak of said RF 
signal. 
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functi n's extent in time. For an OFDM system with N = 128 
subcarriers and an oversampling factor of tj — A, the numbers 
m of non-zero samples of several correcting functions with 
various combinations of 6s , and &p are given in Tab. 1 . The 
correcting function leading to the results presented in the pre- 
vious section (S s = 40 dB, 6p — 0.7) has an extent in time 
equivalent to 8.8% of the duration of an OFDM symbol. This 
percentage is nearly independent of the oversampling factor 
and approximately inversely proportional to the relative tran- 
sient bandwidth (fts - ftp) • i7/2*r. 



6s [dB] 


Sp m 




-30 


0.1 




m 


-30 


0.3 


61 


11.9 


-30 


0.5 


43 


8.4 


-30 


0.7 


29 


5.7 


-40 


0.1 


HI 


21.7 


-40 


0.3 


79 


15.4 


-40 


6.5 


6*1 


11.9 


-40 j 


0.7 


45 


8.8 


-50 


0.1 


135 


26.4 


-56 


0.3 


lOi 


19.7 


-50 


0.5 


79 


15.4 


-50 


0.7 


63 


12.3 



Table 1: Extent of finite length correcting functions (number 
of coefficients of linear phase Chebyshev filters) for various 
sets of design parameters ((fis - Op)==0.05AT A/, oversam- 
pling factor 17 = 4) 

If additive correction is applied to an OFDM signal oversam- 
pled by a factor of less than 4, which is desirable for practical 
applications, the amount of signal peaks exceeding the am- 
plitude threshold after the correction increases, because the 
detection of the maximum signal amplitude and the peak's 
location on the time axis is less accurate than with higher 
oversampling factors. This leads to an increase in the amount 
of remaining out-of-band power which, depending on the re- 
quirements concerning the amount of out-of-band interfer- 
ence, might not be tolerable. 

This effect can be compensated for by introducing a correc- 
tion threshold B Q slightly lower than the limiting threshold Ao 
of the amplifier. Additive correction is then performed with 
the objective to prevent the amplitude of the sampled OFDM 
signal from exceeding B Q rather than Aq. If Bo is properly 
chosen, the increase in bit error rate as compared to a system 
with a higher oversampling factor is almost negligible, while 
the out-of-band interference can be kept within the desired 
limits. 



m CONCLUSION 

In this paper the problem of out-of-band interference in 
OFDM transmission systems due to limitation of the signal 
amplitude has been discussed. The approach of correcting 
the OFDM signal by adding a suitable function has been an- 
alyzed. In this approach the signal is modified in such a way 



that a given amplitude threshold of the signal is not exceeded 
after the correction. - 
Correcting functions consisting of a linear superposition of 
auxiliary functions with a finite extent in time have been pre- 
sented. It has been shown that to some extent the influence 
of the spectral ripple of these functions on the bit error rate 
can be compensated for by an appropriate pre-distortion of 
the OFDM signal. 

Both for the AWGN channel and for a channel with 
frequency-selective fading with a fixed noise power the re- 
sulting bit error rates have been evaluated as a function of the 
input backoff of the power amplifier. It has been shown, that 
with additive correction of the OFDM signal the input back- 
off can be significantly lowered while keeping the out of band 
power within clearly defined limits. 
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Abstract — A major disadvantage of OFDM (Orthogonal Fre- 
quency Division Multiplexing) is the large peak-to-average 
power ratio of the transmit signal. Clipping of amplitude 
peaks by the power amplifier causes interference within and 
outside the OFDM band. In order to keep the out-of-band 
emissions within tolerable limits either a sufficiently high in- 
put backoff is required or the peak-to-average power ratio of 
the OFDM signal must be significantly reduced. This paper 
gives an overview of various approaches discussed in the lit- 
erature. Furthermore a method of suppressing the amplitude 
peaks in the OFDM signal by means of signal processing is 
presented. It is shown that this method allows to reduce the 
input backoff and hence to use the power amplifier more effi- 
ciently while keeping the out-of-band emissions within well- 
defined limits. 



I INTRODUCTION 

The OFDM transmission technique [ 1] is suitable for high rate 
digital transmission over frequency selective radio channels. 
Unlike single carrier transmission systems, which require 
powerful equalizers to compensate for the inter-symbol in- 
terference (ISI) introduced by multipath propagation, OFDM 
avoids ISI by providing a guard interval between each pair 
of subsequent OFDM blocks. Hence for coherent detection 
only a very simple equalizer is required whereas if differen- 
tial modulation is applied, no equalization is required at all. 
For high data rates the complexity of an OFDM system can 
thus be relatively low compared to an equivalent single car- 
rier transmission system. 

OFDM signals, however, have a very large peak-to-avcrage 
power ratio. Limitation of the peak amplitude of the OFDM 
signal ^clipping") by the power amplifier results in interfer- 
ence both within the OFDM band and in adjacent frequency 
bands. 

For the following considerations it is assumed that the power 
amplifier behaves like an ideal limiter, i.e. the signal is am- 
plified linearly unless the amplitude exceeds a threshold A 0 . 
Higher amplitudes are limited to Aq, i.e. amplitude peaks 
exceeding the threshold are clipped In practical applica- 
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tions this behaviour can be approximated by appropriate pre- 
distortion of the OFDM signal 

One possible way to keep the out-of-band interference within 
the desired limits is to choose a suitably high input backoff 
OBO) 

I BO = 10 log 4^ 

where Ps denotes the average power of the OFDM baseband 
signal. Depending on the restrictions concerning the tolerable 
spectral power density of the out-of-band emissions, this ap- 
proach requires the average transmit power to stay far below 
the amplifier's maximum output power. 
In order to achieve a lower input backoff and hence a higher 
transmit power without increasing the spectral power density 
of the out-of-band interference, it is necessary to reduce the 
peak-to-average power ratio of the OFDM signal. 

Methods for reducing the peak-to-average power ratio of 
OFDM signals have been discussed in various publications. 
The approaches follow either of two basic concepts: 

1. From the set of all possible OFDM blocks, only those 
with a low peak-to-average ratio are used for the trans- 
mission. For the assignment of these OFDM blocks to 
the transmit symbol sequences various algorithms have 
been proposed [3, 4, 5]. The complexity of these algo- 
rithms is high. Using only a subset of all OFDM blocks is 
equivalent to adding redundancy to the transmitted data. 

2. Amplitude peaks in the OFDM signal are suppressed by 
means of signal processing, i.e. the signal is disturbed in 
a well-defined way, ensuring that the spectral power den- 
sity of the intentionally introduced interference meets the 
given requirements. The resulting increase in in-band in- 
terference can be tolerated to a certain extent. 

In [7] multiplication of the OFDM signal by appropri- 
ate correcting functions has been proposed. In [8] a 
method for suppressing amplitude peaks by additive su- 
perposition of correcting functions has been presented. 
A method for minimizing the complexity of the latter al- 
gorithm will be discussed in the following secti n. 
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II ADDITIVE SIGNAL CORREC- 
TION 

For the suppression of amplitude peaks by means of signal 
processing it is essential to minimize the power of the intro- 
duced interference. 

Any manipulation of the baseband OFDM signal s(t) can be 
considered an additive superposition of a function k(t): 

c(t) = s(i) + k{t) (1) 

For the further discussion the signals are assumed to be sam- 
pled at a rate of 

where B = iVA/ denotes the OFDM bandwidth and r/ is the 
oversampling factor. With s m = s(mTs) : k m = k(mT s ). . . . 
, Bqn. 1 can be replaced by the discrete time representation 

Cm = Sm + k m 

Assuming that the amplitudes of the samples s m{ exceed the 
clipping threshold A 0t k m can be obtained as follows: 



km = Ajg m - mi where 
» 

At = -(\smA- 



The auxiliary function g m is assumed to be normalized so that 
#0 = 1 and must satisfy the following requirements: 

• \9m I must have a distinct maximum at m = 0. 

• The spectral power density of g m must be low outside 
the OFDM band. 

• The energy of the auxiliary function should be as low as 
possible. 

It has been shown in [8] that the interference power is minimal 
for 

g m = sine (ttBttiT, ) e j* J,rnT * 

where sinc(x) — sin(x)/x. However, the sine-function's infi- 
nite extent in time prohibits its use for practical applications. 
In order to minimize the complexity and the increase in sys- 
tem latency, it is desirable to apply auxiliary functions with 
as short an extent in time (i.e. as few nonzero samples) as 
possible. 



Auxiliary functions of finite length 

Auxiliary functions with a finite extent in time can be obtained 
using methods known from the field of digital filter design. 
Multiplication of the sine function with an appropriate win- 
dowing function is one possible way to limit the length of the 
correcting function and hence the number of samples to be 
added to those of the OFDM-signal whenever an amplitude 
peak is detected. The impact on the power density spectrum 
of the interference then depends on the shape and the extent 
of the windowing function used. 




are 1 : Tolerance scheme for the design of equiripple filters 
finite length auxiliary functions respectively 

vever, in order to minimize the number of nonzero sam- 
> of the auxiliary function while keeping the deviation of 
function's power density spectrum from the spectrum of 
sine funtion within clearly defined limits, a different ap- 
ach appears to be more suitable. Instead of modifying the 
: function by means of windowing, the coefficients of a 
cifically designed linear phase Chebyshev filter (equiripple 
t) can be used for correcting the sampled OFDM-signal. 




•30 -20 -10 0 10 20 30 



Figure 2: Example of a finite length auxiliary function (de- 
sign parameters: 8 P — 0.5, = -40 dB, Q a = 1.1 H/>, 
2Qp=z(N -f 1 ) Af , where A/ denotes the subcarrier spacing 
and N the number of subcarriers) 

Starting out with a tolerance scheme for the ripple of the 
auxiliary function's amplitude spectrum within the OFDM- 
band, its minimum attenuation outside the OFDM-band and 
the width of the transient band as depicted in Fig. 1, the co- 
efficients gch.m of a linear phase Chebyshev filter, the trans- 
fer function of which fits within that scheme, can be obtained 
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Figure 3: Power density spectrum of the interference caused 
by additive correction (finite length auxiliary function, design 
parameters as in Fig. 2) and limitation at I BO = 4 dB 

using the Parks-McCleUan algorithm [9]. The linear phase 
property ensures a distinct maximum of the auxiliary function 
at m = 0. Again we assume gch.m to be normalized so that 
9Ck,o = 1- In Fig. 2 an example of such an auxiliary func- 
tion is depicted while Fig. 3 shows the corresponding power 
density spectrum of the resulting interference when correct- 
ing the OFDM-signal in order to achieve an input-backoff of 
4 dB. Although the spectrum of the correcting function itself 
is designed to have constant ripple outside the OFDM-band, a 
decay of the interference's spectral power density outside the 
OFDM-band can be observed. This originates in the fact that 
amplitude peaks can extend over several successive samples 
so that the instances of the correcting function to be added 
to the signal arc not statistically independent with respect to 
amplitude, phase and location on the time axis. This effect 
increases with the oversampling factor. 

Fig. 4 shows an example OFDM signal before and after the 
suppression of the amplitude peaks as well as the applied cor- 
recting function. 

Choice of design parameters 

The tolerance parameters £$, Op and ft s are determined by 
the maximum allowable amount of interference within the ad- 
jacent OFDM band and the frequency gap between adjacent 
OFDM-bands. For our simulations we chose 5 s = —40 dB 
and (Os — ftp )=005<VA/, thus keeping the power density 
of the interference in the adjacent OFDM-band below -50 dB 
relative to the spectral power density of the OFDM signal 
within the OFDM -band, assuming that adjacent OFDM-bands 
are spaced by at least 5% of their bandwidth. 

The choice of 5p, however, is independent of the restrictions 
concerning out-of-band interference, but has considerable im- 
pact on the auxiliary function's extent in time and hence on 
the complexity of the correcting process and on the delay of 
the OFDM signal. The higher the value of 6 F is, the lower the 
extent ofgchm in time becomes. 

The influence of Sp on the bit error rate is shown in Fig. 5 for 
the AWGN channel and in Fig. 6 for the frequency-selective 
Rayleigh fading channel. The increase in bit errors is caused 
by three facts: 
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Figure 4: Example OFDM signal (a) before (b) after the cor- 
rection; (c) correcting function; (auxiliary function as in Fig. 
2, assumed I BO = 4 dB) 



1 . A higher dp leads to an increase in the energy fgchm 
and hence in the interference power within the OFDM- 
band. 

2. The maximum amplitude of the side lobes of gch.m in- 
creases significantly for large values of 6 P , so the addi- 
tion of the correcting function tends to create additional 
peaks within the OFDM-Signal, some of which will be 
corrected afterwards at the expense of a raise in inter- 
ference power. Furthermore, the remaining out-of-band 
interference increases, too, which has to be taken into 
account for a proper choice of 6p . 

3. The SIR strongly varies with the subcarrier frequency, 




Figure 5: Bit error rate BER as a function of the input back- 
off I BO for various values of the spectral ripple 6p of the 
auxiliary function within the OFDM band (AWGN channel 
A 0 /P N = 18 dB) 
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Figure 6: Bit error rate BER as a function of the input backoff 
J BO for various values of the spectral ripple S P of the aux- 
iliary function within the OFDM band (frequency-selective 
Rayleigh fading channel, A Q /P# = 30 dB) 



which inrcascs the average bit error probability as com- 
pared to a system with equal SIR on all subcarriers. 

The effect mentioned in item 3. can be mitigated to some 
extent if the variation of the SIR within the OFDM-band is 
compensated for by applying an appropriate amplification or 
attenuation respectively to each subcarrier before the IDFT is 
carried out 

An estimation of the channel noise Pn is required for the cal- 
culation of the optimal amplification factors. Assuming the 
accurate value of Pn to be known in the receiver, almost equal 
bit error probability for all subcarriers can be obtained. Fig. 
7 shows the impact of this pre-distortion on the BER for the 
AWGN channel. 
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Figure 7: Bit error rate BER as a function of the input- 
backoff IBO for finite length correcting functions with and 
withot pre-distortion as compared to correction with sine 
functions 



Resulting performance gain 

Depending on the requirements concerning the spacing of ad- 
jacent OFDM bands and the tolerable amount of inter-band in- 
terference, the application of additive correction to the OFDM 
signal allows a decrease of the input backoff which in most 
cases results in a significant decrease of the BER despite the 
additional interference within the OFDM band. 



Figure 8: Bit error rate as a function of the A%/Pn ratio with 
and without additive correction (AWGN channel) 

Assiiming a gap of 5% of the OFDM bandwidth B between 
adjacent frequency bands, an input backoff of at least 8.9 dB 
is required in order to keep the spectral power density of the 
interference in the adjacent frequency band at least 50 dB be- 
low the power density of the OFDM-signal within the OFDM 
band if no correction of the OFDM signal is performed. 
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Figure 9: Bit error rate as a function of the Al/Ppj ratio with 
and without additive correction (frequency-selective Rayleigh 
fading channel) 

If additive correction using sine functions or finite length aux- 
iliary functions with appropriate pre-distortion is applied to 
the OFDM signal, the lowest BER is obtained at an input 
backoff of 5 dB for transmission over an AWGN channel or 
at an input backoff of 4 dB for transmission over a frequency- 
selective Rayleigh fading channel respectively (see Fig. 5, 
Fig. 6). In Fig. 8 and Fig. 9 the bit error rate is plotted 
against the A%/P N ratio. At a BER of 10~ 3 we observe a 
gain of about 3 dB for the AWGN channel as well as for the 
frequency-selective Rayleigh fading channel respectively due 
to the signal correction as compared to a system without sig- 
nal correction. This means mat a less costly power amplifier 
can be used if additive signal correction is applied, as the lim- 
iting threshold A 0 may be decreased by 3 dB as compared to 
a system without signal correction. 

Complexity aspects 

The complexity of the additive signal correction as well as its 
contribution to the system's latency depend on the correcting 
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